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Abstract: Enzymes working in organic solvents are important for 
analytical chemistry, catalysis, and mechanistic studies. While a few 
protein enzymes are highly active in organic solvents, little is known 
regarding nucleic acid based enzymes. Herein, we report the first 
RNA-cleaving DNAzyme named EtNa that works optimally in 
concentrated organic solvents containing only monovalent Na+. The 
EtNa DNAzyme has a rate of 2.0 h-1 in 54% ethanol (with 120 mM 
NaCl and no divalent metal ions), and a Kd of 21 mM Na
+. It is still 
active even in 72% ethanol and also in DMSO. With 4 mM Na+, the 
rate in 54% ethanol is >1000-fold than that in water. Using EtNa for 
measuring the ethanol content in alcoholic drinks is also 
demonstrated. Taken together, this DNAzyme has three unique 
features: divalent metal independent activity, Na+ selectivity among 
monovalent metals, and acceleration by organic solvents.  
Keywords: DNAzymes • organic solvents • sodium • RNA 
cleavage • biosensors 
DNAzymes refer to DNA molecules with catalytic activity.[1-3] In the 
past two decades, DNAzymes played a critical role in biosensor 
development,[4-7] and nanotechnology.[8-10] This is largely attributable 
to their excellent stability, cost-effectiveness, high catalytic efficiency, 
and programmability. So far, most DNAzyme-related work was carried 
out in aqueous solutions, while the effect of organic solvents was 
rarely explored. Studying DNAzymes in organic solvents can expand 
their analytical applications for detecting target molecules in a 
broader range of sample matrix.  
DNA is soluble and can maintain its base pairing in many organic 
solvents up to a certain solvent concentration.[11-13] For example, with 
increasing ethanol concentration, DNA duplex is initially destabilized 
as indicated by a decreased DNA melting temperature (Tm).[14] At a 
critical ethanol concentration (depending on the type and 
concentration of cations present), DNA starts to aggregate. For such 
aggregated DNA (still in the B-form), its Tm is no longer affected by salt 
concentration. When the ethanol concentration reaches up to 70-80%, 
a B-to-A transition takes place due to extensive DNA dehydration.  
Most of the previous work focused on duplex stability and DNA 
hybridization kinetics in organic solvents,[15-18] while research on DNA 
catalysis is rarely explored.[19-22] Recently, a RNA-ligating DNAzyme 
was selected in 10% methanol and tested in organic solvents.[23] We 
are interested in RNA-cleaving DNAzymes since they are more 
versatile in applications. In this work, we report a new RNA-cleaving 
DNAzyme showing the best activity in 54% ethanol. It is also active in 
a few other organic solvents including DMSO (dimethyl sulfoxide). At 
the same time, this DNAzyme does not require any divalent metal ions 
for catalysis and it works optimally with Na+. The use of this DNAzyme 
for measuring the alcohol content is also demonstrated. 
Our discovery of this new DNAzyme was accidental. Most RNA-
cleaving DNAzymes require divalent metal ions for catalysis.[21,24,25] We 
recently expanded the metal cofactor and isolated a few trivalent 
lanthanide-dependent DNAzymes.[26-29] In our attempt to further 
explore the chemistry of RNA-cleaving DNAzymes, we wondered 
whether metal complexes such as hemin can also assist this RNA 
cleavage reaction. Hemin is an iron containing porphyrin and a 
common biological cofactor. Many G-quadruplex structures bind to 
hemin,[30] and these binding complexes have the peroxidase 
activity.[31,32] However, hemin has not yet been tested for other types 
of DNAzyme reactions. 
The selection was carried out using our previously established 
protocols with a DNA library containing 50 random nucleotides.[26-28] 
See Table S1 for the DNA sequences and modifications used in this 
work. The intended cleavage site involved a single adenine 
ribonucleotide (rA) since RNA is more susceptible to cleavage.[33,34] To 
induce cleavage, 50 μM hemin was added to the library (Figure 1A, 
step 1). The cleaved sequences were isolated by gel electrophoresis 
(step 2) and amplified by two PCR steps (steps 3, 4). In the second PCR 
(step 4), the P4 primer contains a polymer spacer to stop PCR 
extension. Therefore, two strands of unequal lengths were produced. 
The shorter strand was harvested using gel electrophoresis (step 5), 
and then precipitated in isopropanol (step 6) to seed the next round 
of selection. The selection conditions are detailed in Table S2. 
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Figure 1. (A) A scheme of the in vitro selection process. PAGE stands 
for polyacrylamide gel electrophoresis. The key step responsible for 
this particular work is step 6: isopropanol precipitation. Cleavage 
occurred at this step instead of at the intended step 1. The cleaved 
sequences are amplified by two rounds of PCR to seed the next round 
of selection. (B) The cleavage percentage of the library at each round 
of selection. The red bars indicate negative selections, where cleavage 
was intended to be induced by the selection buffer alone (no hemin). 
(C) The secondary structure of the EtNa DNAzyme. The cleavage site in 
the substrate is marked by the arrowhead. 
No cleavage occurred in the first three rounds (Figure 1B). At 
round 4, ~40% cleavage was observed and the yield increased to 80% 
at round 6. However, we found that the cleavage was independent of 
hemin at round 7 (i.e. similar cleavage was observed using the 
selection buffer alone). To remove such non-specific sequences, we 
then performed ten rounds of negative selection (red bars, Figure 1B), 
where the cleaved library in the absence of hemin was discarded and 
the remaining library was extracted and incubated with hemin for the 
positive selection. At the end of round 18, however, the buffer alone 
still yielded ~40% cleavage, indicating failure of the negative selection 
strategy. 
While the hemin-dependent activity was not achieved, the library 
appeared to be quite active with the buffer alone and we decided to 
investigate the origin of cleavage. The round 18 library was cloned and 
sequenced. The obtained 34 sequences aligned remarkably well and 
30 of them were essentially identical (see Table S3 for the alignment). 
The folding of a representative sequence is shown in Figure S1, which 
was easily engineered to a trans-cleaving DNAzyme, named EtNa 
(Figure 1C). This is a typical DNAzyme structure with two base paired 
regions for substrate binding. The catalytic core contains a hairpin and 
two unpaired bulges. 
However, no cleavage of the substrate was observed in the 
selection buffer (50 mM MES, pH 6.0, 25 mM NaCl). To solve this 
puzzle, we thought carefully about our selection process. The 
isopropanol precipitation step (Figure 1B, step 6) involved a final of 
75% isopropanol with 200 mM NaOAc and 80 μM MgCl2 for overnight 
incubation. We suspected that cleavage might have occurred during 
this step. In other words, the organic solvent might be important for 
catalysis. 
To test this hypothesis, the EtNa DNAzyme complex was added to 
increasing concentrations of ethanol (all with 120 mM NaCl). Indeed, 
the fraction of cleavage increased significantly with increasing ethanol 
concentration up to 54% (Figure 2A). Beyond that, the activity started 
to drop. To test generality, the same reaction was carried out in 
methanol and isopropanol. Indeed, the DNAzyme was active in all 
these alcoholic solvents and the activity peaked at ~54% solvent 
concentration (see Figure 2C for quantification). Noticeably, the 
enzyme remained quite active even in 72% solvents. We next 
measured the cleavage kinetics in 54% of the alcohols (Figure 2D). The 
rates are between 0.019 and 0.033 min-1 in pH 6.0 MES buffer with 
120 mM NaCl. It appears that the type of alcohol is not critical, but an 
alcoholic environment is important.  
 
Figure 2. (A) Gel images showing cleavage of the EtNa DNAzyme as a 
function of solvent concentration in methanol, ethanol and 
isopropanol after 1 h incubation. (B) Fraction of substrate cleavage 
after 1 h in various solvents (54%). (C) Quantification of the gel data in 
(A). (D) Cleavage kinetics of the EtNa DNAzyme with 54% methanol, 
ethanol or isopropanol. The reaction buffer contained 50 mM MES (pH 
6.0) and 120 mM NaCl for all the reactions.  
This study explains the cleavage in our selection (i.e. the library 
was cleaved during the isopropanol precipitation step). The property 
of duplex DNA in alcoholic solvents has been well studied; the B-form 
duplex can be maintained up to ~70% ethanol.[14] After that, DNA is 
dehydrated and converts to the A-form. This transition might be 
responsible for the drastically decreased DNAzyme activity beyond 
72% ethanol. In addition, DNA precipitation at high ethanol 
concentrations (e.g. >75%) might also contribute to the loss of activity.  
We then tested a few other water miscible solvents at 54% (v/v) 
concentration (Figure 2B). Among these, DMSO also showed 
moderate activity, while cleavage in the other solvents was less than 
20% after 1 h. Therefore, this enzyme works the best in the alcohols. 
This might be attributable to our selection conditions. Since the EtNa 
DNAzyme appears to be a new and interesting enzyme, we studied it 
further. Ethanol was chosen in the subsequent studies since it is a 
more common solvent than isopropanol. 
Most DNAzymes require divalent or trivalent metal ions for 
activity. During our selection, the isopropanol precipitation step was 
carried out with a high concentration of Na+ (200 mM) and a trace 
amount of Mg2+ (80 μM). All the above assays were carried out in NaCl 
only without divalent metal ions. To fully understand its metal ion 
requirement, we studied monovalent ions first. Gel images of a few 
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monovalent salt dependent reactions are shown in Figure 3A. Among 
these, Na+ produced the most cleavage. The cleavage results are 
quantified in Figure 3B. Higher concentrations of Na+ produced more 
cleavage, while all the other salts suppressed cleavage at 
concentrations beyond 20 mM. The second highest cleavage was 
observed with Rb+ followed by K+, Li+, NH4+, and Cs+. The specificity for 
Na+ might also be attributed to the selection condition. Recently, 
another Na+-specific DNAzyme was reported by the Lu group.[35] 
 
Figure 3. (A) Gel images of the EtNa DNAzyme cleavage with various 
concentrations of Li+, Na+ and Cs+ after 1 h reaction in 54% ethanol. 
(B) Fraction of substrate cleavage as a function of monovalent salt 
concentration after 1 h in 54% ethanol. (C) Cleavage kinetics in the 
presence of various concentrations of Na+ in 54% ethanol. (D) 
Cleavage rate of EtNa in 54% ethanol as a function of Na+ 
concentration. (E) Cleavage rate of EtNa in water (no ethanol) as a 
function of Na+ concentration. (F) Kinetics of substrate cleavage with 4 
mM NaCl in 54% ethanol or in aqueous solution. (G) Selectivity EtNa 
with various divalent and trivalent metal ions in water or in 50% 
ethanol. The cleavage was measured in the presence of 2 mM divalent 
metal ions, 0.2 mM trivalent metal ions, or 100 mM Na+. The DNAzyme 
was initially annealed in 50 mM Tris buffer containing 120 mM Li+, pH 
7.5 to avoid background cleavage. 
While most nucleic acid enzymes require divalent or trivalent 
metal ions for activity, enzymes independent of such metal ions are 
also known in a few cases.[35-40] However, the effect of solvent was not 
explored in these systems. We believe this EtNa DNAzyme has 
provided a scaffold to study the interaction between metal ions and 
DNA in organic solvents. It has also added another example of 
monovalent-dependent DNAzymes. 
We then measured Na+-concentration-dependent cleavage 
kinetics in 54% ethanol (Figure 3C). No cleavage was observed with 
just 0.8 mM Na+. This might be due to the lack of DNA hybridization in 
such low salt condition. Even 2 mM Na+ produced over 70% cleavage 
in 8 h. Significantly faster cleavage was observed with higher NaCl 
concentrations, reaching a rate of 2.8 h-1 with 200 mM NaCl. We then 
plotted the cleavage rate as a function of NaCl concentration (Figure 
3D), and an apparent dissociation constant (Kd) of 21 mM NaCl was 
obtained. For comparison, the rate was linearly increased with 
increasing Na+ concentration in water, and no saturation was 
observed even with 2.1 M Na+, suggesting a quite non-specific binding 
or low affinity (Figure 3E). EtNa achieved a rate slope of 0.0019 h-
1·mM-1 Na+ in water, and 0.14 h-1·mM-1 Na+ in 54% ethanol, which is 
~74-fold tighter.  
Next we tested a low salt concentration of only 4 mM NaCl (Figure 
3F). At this condition, almost no cleavage was observed in water, and 
the effect of ethanol is very pronounced. The estimated rate 
enhancement by ethanol is over 1000-fold. It is possible that the local 
Na+ concentration around the DNAzyme in ethanol is higher (due to 
the smaller dielectric constant of ethanol and thus stronger 
electrostatic attraction), and this may promote the enzyme activity. 
An interesting example on the hairpin ribozyme was reported by 
Seyhan and Burke,[41] who noted that a partially hydrated ribozyme 
film can still retain some cleavage activity with only monovalent Na+, 
although the rate was very slow (~2 day-1 under optimized conditions). 
Dehydrate was achieved by ethanol precipitation and vacuum 
centrifugation, which were the same operations carried out by us in 
our in vitro selection experiments. The hairpin ribozyme was not 
optimized for Na+ under the ethanol precipitation conditions, but our 
EtNa DNAzyme was isolated under this condition, explaining its higher 
activity. 
All our data so far indicate that the EtNa DNAzyme works in 
monovalent (in particular Na+) ions alone. To rule out the presence of 
any divalent salts, the reaction was also carried out in 20 mM EDTA 
which chelates any possible divalent metals, and similar cleavage was 
also observed (Figure S2). 
We further measured the effect of divalent and trivalent metal 
ions both in aqueous and ethanol containing solution (Figure 3G). In 
aqueous solution, only 2 mM Pb2+ and Ca2+ showed substantial 
cleavage, while in ethanol, only Pb2+ can cleave. Overall, Na+ is quite 
specific for this DNAzyme, both in aqueous solution and in ethanol. 
 While the main goal of this work is to report this new DNAzyme 
and its initial characterization, we also explored a preliminary 
application here. Development of simple yet effective methods for 
detection of ethanol content is important since ethanol plays 
indispensable roles in clinical, industrial, biochemical and food 
applications. For example, as one of the most important parameters 
in fermentation processes, alcohol content indicates the final quality 
of alcoholic beverages. The current standard methods, such as 
HPLC,[42] and gas chromatography (GC)[43] are able to detect alcohol 
content with high sensitivity and selectivity. However, these methods 
often suffer from disadvantages such as sophisticated 
instrumentations, time-consuming processes and complicated 
operation steps. Therefore, researchers have explored alternative 
approaches using chemical and biosensors, and a few alcohol sensors 
based on small molecules have been reported.[44-46]  
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Since EtNa shows an interesting relationship between its activity 
and alcohol content, we reason that EtNa should be a useful probe for 
alcohol content detection. To test this, a quantitative assay was 
carried out. To ensure consistent enzyme activity, all the samples 
were mixed with a Na+-containing MES buffer prior to adding EtNa. 
With increasing ethanol concentration, the substrate cleavage was 
increased, and a linear response was observed with a dynamic range 
of 0-60% (Figure 4A). Note the ethanol concentration in the x-axis of 
this plot refers to the initial concentration, and the final concentration 
in the reaction mixture was diluted by half. The lower concentration 
range cleavage is shown in the inset. From this, we calculated the 
detection limit to be 3% ethanol based on three times of background 
variation divided by the slope.  
 
Figure 4. (A) A calibration curve for alcohol content measurement 
using EtNa. Inset: the linear response at low alcohol contents. (B) 
Detection of alcohol content in four commercial alcoholic beverages. 
The red bars are from the labels and green bars are from our 
DNAzyme measurement. 
Using this calibration curve, a few commercial alcoholic beverages 
containing different concentrations of labeled ethanol were further 
analysed using the same protocol. For all the tested samples, the 
alcohol content measured by our method is similar to that of labeled 
alcoholic content (within 5% difference), indicating EtNa is useful in 
measuring alcohol content in quite complex sample matrix (Figure 4B). 
 
Conclusions 
In summary, we performed an in vitro selection experiment 
with hemin as the intended cofactor. A new RNA-cleaving DNAzyme 
named EtNa was unintentionally obtained, which is active in alcoholic 
solvents requiring only Na+. Compared to its activity in water, this 
DNAzyme can be significantly accelerated by concentrated organic 
solvents. This is particularly true at low Na+ concentrations. In addition, 
this DNAzyme shows interesting metal specificity. Among all the 
monovalent metals tested, Na+ provides the highest activity. None of 
the higher valent metal ions produce significant activity except for 
Ca2+ and Pb2+. The application of EtNa in measuring alcohol content 
was demonstrated, and it worked even in commercial wines. Taken 
together, this new DNAzyme has brought up three interesting 
observations: monovalent metal activity, sodium ion selectivity, and 
accelerated rates by concentrated organic solvents. It has expanded 
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